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Abstract 
Contamination of low-moisture foods including flour, wheat grain, baby formula, and more, have 
increasingly become a concern due to sanitizing challenges. While industrial food processors have long 
used RF heating to sanitize mass quantities, an equivalent consumer device is absent from the market 
today. The Characterization of Effective Electromagnetic Fields on the Safety and Quality of Low-
Moisture Foods (EEFS) project is an interdisciplinary effort to develop an RF heating consumer device to 
sanitize low-moisture foods. 
A prototype device was designed to sanitize low-moisture food items using RF heating acceptable for 
commercial or consumer applications. 
Background 
Low moisture foods include wheat, barely, protein powder, baby formula, and more. They are 
distinguished by low water activity, “a measure of free water that is an important factor in food safety, 
because it determines the amount of water available to help microorganisms grow.” [1]. While 
previously thought to be safe from microbial contamination with water activity levels less than 0.85, low 
moisture foods are susceptible to pathogen infection. In recent years, spikes in foodborne illness due to 
Salmonella, E. Coli, Staphylococcus, and others have increased research into effective sanitization 
methods. 
Due to the challenging form-factor – dense powdered or granular material - and extremely low water 
content of low moisture foods, sanitization is difficult. Industrial food processors currently use 
ultraviolet irradiation, thermal heating, EM irradiation, and RF heating. RF heating stands out among the 
other options for its many advantages [2]: 
• Longer wavelengths permit greater penetration depths than microwave frequencies. 
• Volumetric heating enables shorted exposure time. 
• RF penetration of common packaging materials. 
While industrial RF heating is commonplace, such devices occupy entire warehouses and consume 
hundreds of kilowatt-hours. 
Aiming to create an RF heating device for the consumer market, the Characterization of Effective 
Electromagnetic Fields on the Safety and Quality of Low Moisture Foods (EFFS) interdisciplinary research 
team was formed. A CPConnect1 funded project, the team consists of microbiology, food science, and 
electrical engineering students working on prototype designs and testing solutions. This report is the 
product of the electrical engineering work done on prototype design. 
Prior to the COVID-19 pandemic, the research team’s goal was to design, build, and test a prototype 
device ready for testing at the end of Spring 2020. Since the pandemic began, the team’s goals have 
been modified to focus on design and simulation only through the end of Spring 2020. It is anticipated 
that the project will continue through the next academic year for construction and prototyping of the 
device specified here. 
 
1 Ibid 
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Requirements and Specifications 
Customer Needs Assessment & Marketing Requirements 
When applied in consumer and food service environments, RF heating has many advantages over 
current solutions. This technique is more time and energy efficient than thermal heating, can penetrate 
treated products at depths greater than thermal heating and poses a smaller risk of damaging products 
than chemical (e.g. solvents, detergents) or abrasive (e.g. grinding) sanitization methods [3]. 
Additionally, the prototype device must sanitize products below a surface level and preserve product 
appearance [4]. 
Engineering Specifications  
The prototype device must (1) sanitize low-moisture food products while (2) time and energy efficient. 
Where other sanitization solutions (e.g. UV irradiation) require product movement for full coverage, the 
prototype device should treat the entire material volume using only 120VAC input and within 20 minutes 
for rapid consumer use. 
The device must also (3) maintain product cosmetics and original chemical structure. The device must 
also (4) be consumer-operable without in-depth electrical engineering knowledge and (5) maintain 
safety standards comparable to consumer food preparation environments. 
To eliminate pathogens, the device must (1) heat low-moisture foods above 100°F. It should (2) be 
operable using a 120 VAC wall outlets and (3) be chemically unreactive with food treated within the 
device. Additionally, (4) the device should not have require users to modify circuitry to operate and (5) 
have enough RF shielding to meet consumer FCC RF radiation exposure regulations. 
 
Table 1: Project Requirements and Specifications 
Marketing 
Requirements 
Engineering 
Specifications 
Justification 
Capable of Sanitizing 
Low-Moisture Foods 
Device must heat low-moisture 
foods above 100°F 
Temperatures above 100°F kill food-borne 
pathogens 
Operates in a time and 
energy efficient 
manner 
Device must be powered from 
standard 120VAC circuits without 
modification 
For consumer use, the device must be 
operable on standard AC electrical circuitry 
Leaves treated 
products undamaged 
and chemically 
unaltered 
RF heating methodology must 
leave exposed food products 
chemically unaltered after 
treatment 
Damage to food samples sanitized by other 
methods typically occurs because of thermal 
damage or chemical alteration. Alteration 
hurts marketability of products processed by 
the device 
Operable without 
significant technical 
knowledge 
Device must have a sufficiently 
thorough control system that does 
not require user intervention of 
Device circuitry will require in-depth 
knowledge to modify. This must not be 
required for use – any foreseeable operating 
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the RF or power components 
during operation 
modes should be handled and implemented 
in an easy-to use fashion 
Does not pose safety 
risk while in operation. 
Device must have sufficient RF 
shielding to meet workplace and 
consumer safety exposure 
regulations 
High power RF waves must be generated to 
treat products, which, if uncontrolled, may 
pose a hazard to users 
Marketing Requirements 
1. Capable of Sanitizing Low-Moisture Foods 
2. Operates in a time and energy efficient manner 
3. Leaves treated products undamaged and chemically unaltered 
4. Operable without significant technical knowledge 
5. Does not pose safety risk while in operation. 
 
Design Development and Simulation 
System Overview 
The EFFS Device prototype is a 3-part system designed to implement RF-Heating of low-moisture food. 
Stage 1, includes a DC-DC Flyback converter which generates the high voltage DC signal needed for 
sufficient electric field potential generation. Stage 2 converts the high voltage DC signal to a 13.56 MHz 
AC, RF signal usable in sample exposure. Stage 3 is the RF exposure chamber itself, containing the low-
moisture food to be treated while safely containing the generated RF radiation. 
 
Figure 1: Overview Block Diagram of EFFS Research Project Prototype Device 
Stage 1: Flyback DC-DC Converter 
Functional Description 
The DC-DC Flyback converter converts a high current 24 VDC signal to a 280VDC signal. It is implemented 
using an IRFP4668 Power MOSFET and WE-FB-3751 transformer. The device is controllable using a 
microcontroller via the dedicated charge enable circuit, which turns on-and-off the LT 3751 modulating 
MOSFET operation, and the dedicated relay control circuit determining high-voltage (HV) rail’s output 
path. 
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Figure 2: Functional Block Diagram of DC-DC Flyback Converter 
 
  
 
Figure 3: Circuit Schematic with Functional Blocks Highlighted 
 
Components Overview 
The following is a breakdown of each of the DC-DC converter’s functional blocks. For a complete, 
enlarged schematic, see Appendix B. 
1.Complete Off-The-Shelf (COTS) 24VDC High-Current Supply 
A vendor supplied 24VDC supply, capable of providing 11A with occasional 40A current spikes, will 
provide the device input from a 120VAC connection. This power supply is not intended to be actively 
controlled. 
2. 5V Regulator 
The LT 3007 is an adjustable voltage regulator used to create a low-current (less than 500mA) 5VDC rail. 
The voltage output is determined by a set of resistors as in (1). 
𝑉𝑂𝑈𝑇 = 600𝑚𝑉 × (1 +
𝑅2
𝑅1
) − (0.4𝑛𝐴 × 𝑅2)                    (1) 
To establish a 5VDC output, the resistors selected are R1 = 10KΩ and R2 = 75KΩ. 
3. Charge Enable Circuit 
A 2N3904 BJT, controlled by a 3.3VDC microcontroller signal, switches the output of a 5VDC signal to the 
LT 3751 “Charge Enable” pin. When a signal is input, an indicator LED illuminates. When not applied, a 
100KΩ pull-down resistor ensures the BJT gate is held low. Additionally, a physical toggle switch acts as 
an interlock against unanticipated charge enable states between the BJT and LT3751. 
4. Relay Control Circuit 
Like the Charge Enable Circuit described above, a 2N3904 accepts a 3.3 VDC input signal supplied by an 
external microcontroller. Supplying a signal illuminates an indicator LED and enables the completion of a 
ground path from the output relay coil. 
5. 1:10 Flyback Converter 
The WE-FB-3751 flyback transformer increases the output voltage from 24VDC to 300VDC. This is 
accomplished by the ‘flyback’ action, in which current transferred between transformer coils is 
momentarily allowed to build until it is released when the supply coil current dissipates. The use of the 
selected transformer was recommended by Analog Devices, the manufacturer of the LT3751 IC used by 
this device. 
6. Output Relay, HV Discharge, and Next Stage Output 
A single pole, double throw (SPDT) relay controls the high-voltage rail output path from the flyback 
transformer. Unless activated by the Relay Control Circuit, the device remains in its normally closed (NC) 
position, in which energy is transferred to a 10KΩ, 5W HV Discharge resistor. When activated, the relay 
directs energy through its normally open (NO) pathway to a two-pole bulkhead connector leading to the 
next device stage. 
7. High Voltage, Low-Noise Regulator 
The LT 3751 is a high voltage capacitor charge controller and regulator, used here as a HV regulator. It 
directly controls the modulation of the IRFP4668 Power MOSFET. By switching on-and-off the path from 
ground to 24VDC enables the flyback transformer supply-side to charge and discharge. Additional 
operating details are covered in the proceeding section entitled “Theory of Operation for LT 3751.” 
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Device Control Scheme 
 
Figure 4: Block Diagram Depicting Device Control Scheme 
Control of the device is achieved by switching the Power MOSFET. The LT 3751 IC goes into shutdown 
mode the 5VDC supply on its “Charge Enable” pin is removed. Upon shutdown however, the HV rail does 
not immediately discharge. To facilitate this, a relay switches the output pathway to a discharge resistor 
to safely dissipate energy. 
Theory of Operation for LT3751 
The LT 3751 a high voltage capable flyback controller designed for use in charging super capacitors2 for 
which an internal functional block diagram can be seen in Appendix D. It is also capable of working as a 
low noise, high voltage regulator, as is its use here. An operating mode is selected by the voltage 
supplied on the “FB” pin. 0V or a voltage between 1.16V and 1.34V establishes regulator operation. 
Voltages between 0V and 1.16V establishes capacitor charge mode. 
Transformer protection is accomplished by four comparators, ensuring supply under-volt (VCC low), 
supply over-volt (VCC high), output transient under-volt (Vtrans low) and output transient overvolt (Vtrans 
high) conditions do not occur. These values are set by resistors UVLO2, OVLO2, UVLO1, and OVLO1 
respectively. The voltage output by the flyback converter is controlled by an internal current loop 
established between the RVTRANS, RVOUT, and RDCM pins. The current supplied by each pin are 
compared within a differential amplifier comparator to the current supplied by a 0.98V reference and 
resistor RBG. Supply output can be estimated using (2) below. 
𝑉𝑂𝑈𝑇 = 0.98 × 𝑡𝑢𝑟𝑛𝑠 𝑟𝑎𝑡𝑖𝑜 ×
𝑅𝑉𝑂𝑈𝑇
𝑅𝐵𝐺
− 𝑉𝐷𝐼𝑂𝐷𝐸                 (2) 
Stage Simulation and Analysis 
The Flyback DC-DC Converter was simulated in LTspice XVII using the circuit diagram in Figure 5. In the 
circuit simulation set-up, the relay control circuit is substituted for the “Lockout” power supply, which 
switches the relay and physical switch from its normally open (NO) position to normally closed (NC) and 
 
2 Super Capacitors: High capacity, rapidly charged capacitors used as energy storage elements in consumer 
electronics ‘fast charge’ circuits. 
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vice-versa. Additionally, as relays cannot be directly modeled using LTspice, it is substituted for a 
functionally equivalent set of voltage-controlled switches. 
 
Figure 5Figure 5: Simulated Flyback DC-DC Converter Circuit 
The simulation was set-up to demonstrate function in various states. Beginning with power-on, the 
circuit is energized but does not begin increasing the output voltage. Once the charge enable signal is 
set high (5VDC), output voltage begins to ramp-up. Over approximately 118ms, output voltage increases 
from 0VDC to ~276VDC steady-state operation. Steady-State operation will continue indefinitely so long as 
the charge enable signal remains high. 
 
Figure 6: Annotated (Purple) Flyback DC-DC Converter LTspice Simulation Output 
Once the charge enable signal is set Low (0VDC), the output voltage begins to decrease. The rate of 
discharge is determined by the output-side flyback capacitor, capacitor C1 in Figure 5, and the load 
resistance. Rapid discharging occurs when the output relay connects with the power discharge resistor. 
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Stage 2: Power MOSFET Square Wave Inverter 
 
Functional Descriptions 
The Power MOSFET Square Wave Inverter converts a ~280VDC signal into a ~280VP-P 13.56 MHz periodic 
waveform (approximating a square wave) for input into the RF Exposure Chamber. This is accomplished 
via the use of four Power MOSFETS in full-bridge configuration.  
 
Figure 7: Power MOSFET Inverter Functional Block Diagram 
Components Overview 
The following is a breakdown of each of the inverter’s functional blocks. Due to the complexity of the 
inverter’s control structures, the components of its control signals and systems is left to the following 
section Device Control Scheme.  
1. 280VDC HV Rail 
In the implementation of this device, the input voltage supplied from the previous stage is assumed to 
be a ~280VDC signal. As no built-in control structures require the presence of the previous stage to 
function, any 280VDC supply may be attached with no change in functionality. 
2. Power MOSFET Full-Bridge Configuration 
Four STU2N80K5 transistors are placed in a full-bridge configuration, two parallel sets of transistors in 
series alongside a dedicated 2A fuse.  These transistors achieve inversion by switching on-and-off at 
specific intervals governed by the device’s control scheme, as discussed in the following section. 
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Figure 8: Power MOSFET Full-Bridge Configuration and Output Relay 
3. Output Relay, HV Discharge, and Next Stage 
Post inversion, a single pole, double through (SPDT) relay directs the periodic signal between output 
paths. Unless activated by the Relay Control Circuit, the device remains in its normally closed (NC) 
position, in which energy is transferred to a 10KΩ, 5W HV Discharge resistor. When activated, the relay 
directs energy through its’ normally open (NO) pathway to a two-pole bulkhead connector leading to 
the next device stage. 
 
Device Control Scheme 
Fundamentally, device operation is controlled by the oscillation of a Crystal Oscillator at 13.56 MHz 
From that oscillation, a second periodic waveform is derived at 6.78MHz, in addition to the 180° phase 
offset of both signals. Each command the gate of a STU2N80K5 MOSFET via an LT1693 High-Speed Dual 
N-Channel MOSFET Driver. As an additional layer of protection against accidental operation, each 
MOSFET Driver outputs its’ signals through a Single-Pole Single-Throw (SPST) relay, which are all 
controlled by a single microcontroller signaled relay control circuit. 
 
Sandoval, Joe – Senior Project Report 2020  |  14 
 
Figure 9: Power MOSFET Inverter Control Scheme Block Diagram 
Control Power Supplies: High-Current and Low Current 5VDC Regulation 
Oscillation and the relay control circuit are both powered by a low current 5VDC regulated supply. This is 
provided for by an LT3007 Adjustable Voltage Regulator. The regulator’s output voltage is configured by 
a resistor network  – see equation (1) on page 8. 
MOSFET Driver and Output SPST Relay 
To produce the desired periodic waveform, each of the power MOSFETs must be switched at a specific 
interval. As the desired frequency is an approximation of a 13.56 MHz square wave, the following 
equations indicate the desired switching intervals of transistors M1, M2, M3, and M4 respectively. 
𝑀𝑂𝑆𝐹𝐸𝑇 𝑀1 = 5 × 𝑐𝑜𝑠(2 × 𝜋 × 13.56𝑀𝐻𝑧) 𝑉𝑃−𝑃                                 (3) 
𝑀𝑂𝑆𝐹𝐸𝑇 𝑀2 = 5 × 𝑐𝑜𝑠 (2 × 𝜋 × 6.79𝑀𝐻𝑧 +  
180°
𝜋
) 𝑉𝑃−𝑃                 (4) 
𝑀𝑂𝑆𝐹𝐸𝑇 𝑀3 = 5 × 𝑐𝑜𝑠(2 × 𝜋 × 6.79𝑀𝐻𝑧) 𝑉𝑃−𝑃                                    (5) 
𝑀𝑂𝑆𝐹𝐸𝑇 𝑀4 = 5 × 𝑐𝑜𝑠 (2 × 𝜋 × 13.56𝑀𝐻𝑧 + 
180°
𝜋
) 𝑉𝑃−𝑃               (6) 
While the required operating frequency is provided by the oscillation circuitry discussed in the following 
section, the output potential and current are provided using LTC1693 High-Speed Dual N-Channel 
MOSFET Drivers. Use of the devices are straightforward: for each output channel, the desired oscillation 
is fed into either IN1 or IN2. Designed to accept 5VDC logic signals with a 1.2VDC hysteresis, when the 
input signal is high, the potential supplied at either Vcc1 or VCC2 is fed to its corresponding output [5]. 
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As an added safety measure against unintended operation, each output of the LTC1693 devices are 
placed in series with a SPST relay. All four relays are controlled using a common relay control circuit, 
which will be discussed in a later section. 
 
Figure 10: LTC1693 MOSFET Driver and SPST Relays for MOSFETs M1 and M3 
Oscillator 
Critical to system operation is a 13.56 MHz crystal oscillator, which forms the fundamental frequency of 
the output periodic waveform. From this base frequency a 6.79MHz signal is obtained by use of a D Flip-
Flop, which divides the base frequency by two. 180° offset versions of both signals are obtained using 
SN74VC2HU04 Dual Inverter Gates. 
In Figure 10, which depicts the described circuitry, it should be noted that the crystal oscillator is 
represented by a programmed ideal voltage supply. This was necessary due to known limitations of 
SPICE simulators in representing crystal oscillators. 
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Figure 11: 13.56MHz and 6.79MHz Oscillation Circuitry 
Relay Control Circuit 
Relays located on the output of the stage and each of the LTC1693 MOSFET Drive ICs are essential for 
ensuring safe operation. While different types of relay are used in each case – SPST relays for each 
MOSFET Drive and a single-pole double-throw (SPDT) relay on the output – all are controlled using two, 
identical relay control circuits. 
A 2N3904 BJT accepts a 3.3VDC input signal supplied by an external microcontroller, completing the 
output of a 5VDC signal to its respective relay. Attached to the base of the BJT is a resistor and LED, which 
function both to pull the base low when no signal is applied and to indicate the application of a signal. 
In the case of the SPST relays, the absence of a control signal will leave the relays in their normally open 
(NO) positions, opening the circuit. Applying a signal will close the circuit, allowing MOSFET Driver 
signals to pass. 
In the case of the output SPDT relay, the absence of a signal will route the energized stage output into a 
10KΩ power dissipation resistor. Applying a signal will switch the relay to its normally closed (NC) 
position, passing the energized stage output to the next stage. 
 
Figure 12: Power MOSFET Inverter Stage Relay Control Circuitry 
Stage Simulation and Analysis 
The Power MOSFET Inverter was simulated in LTspice XVII using the circuit diagram specified in Figure 
12 below. In the circuit simulation, the relay control circuits on all LTC1693 outputs and the stage output 
were substituted for the “Relay_Ctl” power supply, which switches each relay from their normally open 
(NO) positions to their normally closed (NC) positions and vice-versa. Additionally, as relays cannot be 
directly modeled using LTspice, it is substituted for a functionally equivalent set of voltage-controlled 
switches. 
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Figure 13: Complete LTspice Simulation of Power MOSFET Inverter Stage 
 
Figure 14: Power MOSFET Inverter LTspice Simulation Output 
Output plots V(ch4), V(ch3), V(ch2), and V(ch1) display the output of each LTC1693 MOSFET driver 
controlling transistors M4, M3, M2, and M1 respectively. Output plot V(Vout_A_Post, Vout_B) displays 
the stage inversion result. While periodic and of the correct approximate frequency, the signal is 
noticeably distorted. As inversion is highly sensitive to the combination and frequency at which each 
transistor switches, this is the result of phase misalignment between each transistor control signal. 
As each control signal is obtained from a physical crystal oscillator, which may have a tolerance of up to 
20% from its’ stated frequency, remedy of this issue would require replacement with a highly accurate 
oscillator. It is believed that even with distortion the output presented by simulation is adequate for 
input into the next stage. 
Stage 3: RF Exposure Chamber 
The RF exposure chamber accepts an RF signal generated by the previous stage for irradiation of the 
material under test. Like the Power MOSFET inverter stage, the no portion of the RF chamber’s control 
system requires the previous stage to be attached; any signal source with an SMA cable output can be 
attached for the same functionality. 
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Chamber Design 
Design Concept 
 
Figure 15: RF Chamber Design Concept 
The RF Chamber is designed to operate on the principle of RF heating. RF heating utilizes material 
complex permittivity to transfer energy in the form of dielectric power loss. Considering energy 
transferred within the volume in which a given material takes space, the energy transferred from an RF 
signal to that material can be determined from equation (7) below. 
𝑃 [
𝑊
𝑚3
] = 2 × 𝜋 × 𝑓𝑟𝑒𝑞 × 𝜀𝑜 × 𝜀 ∗× 𝑡𝑎𝑛(𝛿) × 𝐸
2         (7) 
Note that in equation (7), ε* is the material complex permittivity, δ is the loss angle, and E is the electric 
field in V/m. 
To accommodate a uniform field geometry, the chamber body is constructed as a cylindrical pin-
radiator. An input RF signal radiates outwards from a central conductor to a grounded conductive wall. 
The E-field radiated is uniform at all angles surrounding the central conductor and attenuates in 
amplitude as distance from the central conductor increases. 
To avoid unintentional exposure of persons nearby during operation, the chamber lid is secured using a 
non-conductive clamp. Additionally, a fine mesh copper faraday cage surrounds the chamber to ensure 
emitted energy escaping the chamber attenuates before leaving the vicinity. 
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Chamber Construction 
 
Figure 16: RF Exposure Chamber as Designed in ANSYS HFSS 2020 R1 
From the design concept described in the previous section, a chamber was modeled using ANSYS HFSS 
2020 R1. The construction of that model consists of a polyurethane bottom plate, top plate, and 
insulating wall, a copper conducting wall and center conductor, in addition to an SMA connector placed 
above the top plate’s surface. The top plate is designed to be removed – as materials under test will be 
loaded from that region. 
Figure 16 displays an off-angle image of the simulated chamber, while Figure 17 annotates the 
chamber’s structures in-side profile. Figure 18 displays the chambers’ dimensions. 
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Figure 17: Annotated RF Exposure Chamber Design 
 
Figure 18: RF Exposure Chamber Measurements 
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Chamber Simulation 
Having assembled a complete model with ANSYS HFSS 2020 R1, a finite element analysis at a target 
frequency of 13.56 MHz was completed. As indicated by the below figure, while the majority of E-Field 
strength is uniformly distributed, a large spike is observed nearby the SMA ground connector. 
 
 
Figure 19: E-Field Simulation within Material Under Test 
Conclusions and Recommendations 
Throughout the course of designing a prototype, consumer RF heating device, a large project split in 
three parts came together. As shown in the simulation section of the Flyback DC-DC Converter, Power 
MOSFET Inverter, and RF Exposure Chamber section, each stage  
In the design process, notable challenges occurred, such as the implementation of a control system for 
the Flyback DC-DC Converter. In early testing it was found that the High Voltage Regulator being used 
was unable to tolerate large changes in resistor values. This was an issue, as it meant potentiometer 
control of stage output potential was not possible. The implemented control strategy was sole use of 
the “charge enable” control circuitry to enable and disable energy conversion. Moving forward, it is 
suggested that alternative control methods be considered. 
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It should also be noted that during implementation of the Power MOSFET Inverter crystal oscillation 
circuit and D Flip-Flop candidates listed in Appendix E should be evaluated further prior to purchase. 
Due to the known limitations of SPICE, simulation of crystal oscillators is known to be difficult. While the 
model provided in this document is sufficient, the performance of the recommended components 
should be verified further prior to purchase. 
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Appendices 
 
Appendix A – Senior Project Analysis 
As required by Electrical Engineering Senior Project Policy 
Characterization of Effective Electromagnetic Fields on the Safety and Quality of Low-
Moisture Foods (EEFS) 
Joe Sandoval (EE460-07) EE 461/462 Faculty Advisor: Dr. Dean Arakaki 
1. I agree to supervise this senior project.   
2. The specifications are [1]-[2]: 
 Implementation Free—Describes what project should do, not 
how. 
 Bounded—Identify project boundaries, scope, and context  
 Complete—Include all the requirements identified by the 
customer, as well as those needed to define the project.  
 Unambiguous—Concisely state one clear meaning. 
 Verifiable—A test can prove if system meets specification. 
 Traceable—Each engineering specification serves at least one 
marketing requirement. 
ADVISORS: Please initial above, if you agree to supervise this senior project. Also, please check 
applicable boxes above. Comment below, if requirements or specifications require revision. 
 
Abstract 
A CPConnect funded research project, the Characterization of Effective Electromagnetic Fields on the Safety and 
Quality of Low-Moisture Foods (EEFS) comprises of an interdisciplinary effort examining the effect and 
effectiveness of radio frequency (RF) heating on the safety and quality of foods with low moisture contents. 
While commonly used in industrial applications, RF heating is absent in the consumer / food-service environments. 
The EEFS electrical engineering team will attempt to create a prototype device capable of sanitizing low-moisture 
food items, such as wheat grain, protein powder, and dry baby formula, using RF heating in a manner acceptable for 
use in a commercial or consumer context. Post-development of the prototype device, its functionality in sanitizing 
without damaging the flavor or appearance of food items will be tested via controlled trials conducted by the EEFS 
biological sciences and food science teams. 
 
Customer Needs Assessment 
As stated in the above abstract, RF heating is presently absent in the consumer / food-service environments. A 
survey of articles discussing currently used sanitization techniques yielded a set of customer need based on the 
shortcomings of presently used technologies. Current solutions include thermal heating, which is highly inefficient 
and time consuming, irradiation, which cannot be used below product surfaces for cleansing, and chemical/abrasive 
sanitization methods, which pose challenges to the condition and desirability of products exposed to these methods 
[3]. 
For a RF heating device to be a desirable alternative, the prototype device should meet desired customer needs 
including being time/energy efficient at sanitizing products, capable of sanitizing products below a surface level, 
gentle on product appearance post-cleansing, and capable of leaving treated products unaltered post-processing. 
Literature examining the use of RF heating in industrial applications support that the technology is capable of 
meeting these criterion [4]. 
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Requirements and Specifications 
Examining customer needs, several marketing requirements are readily apparent. To be marketable, a prototype 
device should be capable of (1) sanitizing low-moisture food products, (2) do so in a time/energy efficient manner, 
and (3) leave treated products undamaged and chemically unaltered. In addition, due to the stated goal of being 
operable in a consumer/food-service setting, where specialized training is unlikely to be found, the device should 
also be (4) operable with little technical knowledge and (5) not pose a safety risk beyond that of ordinary food 
preparation appliances. 
From these Marketing Requirements, applicable Engineering Specifications may be extracted. To be effective in 
killing most food-born pathogens, the device must (1) be capable of heating low-moisture foods above 100°F, (2) 
operable from standard 120 VAC wall outlets without requiring modifications to household circuits, (3) be 
chemically unreactive with food treated within the device, (4) have a sufficiently thorough control system as to not 
require direct modification of operating RF or power components during operation, and (5) have sufficient shielding 
surrounding the food exposure region as to not violate applicable workplace/consumer safety RF exposure 
regulations while in operation. 
TABLE I 
EEFS PROJECT REQUIREMENTS AND SPECIFICATIONS 
Marketing 
Requirements 
Engineering 
Specifications 
Justification 
Capable of 
Sanitizing Low-
Moisture Foods 
Device must be capable of heating low-
moisture foods above 100°F 
Most food-born pathogens can be eliminated 
by heating samples above 100°F for extended 
periods 
Operates in a 
time and energy 
efficient manner 
Device must be operable using standard 
120VAC circuits without requiring alteration 
to household circuits 
For the device to be usable in a consumer and 
food-service setting, it must be operable on 
standard AC electrical circuitry 
Leaves treated 
products 
undamaged and 
chemically 
unaltered 
RF heating methodology must leave exposed 
food products chemically unaltered after 
treatment 
Damage to food samples sanitized by other 
methods typically occurs as a result of thermal 
damage or chemical alteration. This hurts the 
marketability of products processed by the 
device 
Operable 
without 
significant 
technical 
knowledge 
Device must have a sufficiently thorough 
control system that does not require user 
intervention of the RF or power components 
during operation 
The RF and power circuits associated with the 
prototype device will require advanced 
technical knowledge to modify safely – any 
foreseeable operating modes should be 
handled and implemented in an easy-to use 
fashion 
Does not pose 
safety risk while 
in operation. 
Device should have sufficient shielding 
surrounding food exposure regions as to 
comply with RF exposure workplace and 
consumer safety regulations 
Due to the nature of the low-moisture foods 
being heated, high power RF waves must be 
generated, which, if uncontrolled, may pose a 
hazard to uses 
Marketing Requirements 
6. Capable of Sanitizing Low-Moisture Foods 
7. Operates in a time and energy efficient manner 
8. Leaves treated products undamaged and chemically unaltered 
9. Operable without significant technical knowledge 
10. Does not pose safety risk while in operation. 
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TABLE II 
EEFS PROJECT DELIVERABLES 
Delivery Date Deliverable Description 
12/6/19 Design Review  
3/12/19 Prototype Delivery to Biological Sciences / Food Science Teams 
3/1/19 EE 461 demo 
3/1/19 EE 461 report 
5/30 EE 462 demo 
5/25 ABET Sr. Project Analysis 
6/6 Sr. Project Expo Poster 
6/6 EE 462 Report 
* Dates are not final – may change as project progresses 
 
 
DIAGRAM I 
EEFS PROJECT LEVEL 0 DIAGRAM 
 
TABLE III 
EEFS PROJECT LEVEL 0 FUNCTIONAL DECOMPOSTITION 
Module EEFS Project Prototype 
Inputs 120 VAC: 120 V ACRMS , 60 HZ. 
Un-sanitized Low Moisture Food Sample: Low moisture product to be cleansed using device. 
User Controls: User interface and control system operating the RF chamber. 
Outputs Sanitized Low Moisture Food Samples: Low moisture product intended for use/consumption. 
Functionality Substantially reduce the number of viable pathogens present in low moisture food sample 
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LITERATURE SEARCH 
Surrogate Organisms for Low Moisture Foods: Tables and References 
[1] C. Theofel, S. Yada, and L. J. Harris, “Surrogate Organisms for Low Moisture Foods: Tables and 
References,” UC Food Safety. [Online]. Available: 
https://ucfoodsafety.ucdavis.edu/sites/g/files/dgvnsk7366/files/inline-files/Surrogate Organisms for Low 
Moisture Foods 9-13-19.pdf. [Accessed: 20-Oct-2019]. 
 • Value:  Paper provides a list of suitable surrogates for use when studying low moisture food 
safety applications. 
 • Reliability: Article is produced by the Food Safety Department of University of California, 
Davis, a well-respected program. 
 
Food Preparation - US Patent US20130056460A1 
[2] E. Ben-Shmuel, “Food Preparation - US Patent US20130056460A1”. 
 • Value:  US Patent application referencing the design of a RF heating device for use with edible 
products. 
 • Reliability: The applications references several IEEE Published sources in addition to 
discussing reasonable modifications on currently accepted industry practicing yielding the device 
in question. 
 
Modelling and Analysis of Radio Frequency Dielectric Heating Method for Grinde Food Products 
[3] H. van der Walt and D. Nicolae, "Modelling and Analysis of a Radio Frequency Dielectric Heating 
Method for Grinde Food Products," 2018 International Symposium on Power Electronics, Electrical 
Drives, Automation and Motion (SPEEDAM), Amalfi, 2018, pp. 1049-1054.  
 • Value: This paper describes at length the characterization of soy flour as a dielectric for 
treatment using a developed class E amplifier 
 • Reliability: Paper is based on work performed by the University of Johannesburg, South Africa 
and presented at the 2018 International Symposium  on Power Electronics, Electrical Drives, 
Automation, and Motion (SPEEDAM) 
 
Food irradiation and the microwave/RF market 
[4] I. Ilovici and H. Hansen, "Food irradiation and the microwave/RF market," Proceedings 14th IEEE 
Symposium on Computer-Based Medical Systems. CBMS 2001, Bethesda, MD, USA, 2001, pp. 103-
108. 
 • Value: This paper describes the potential benefits of food sanitization using RF heating and goes 
on to discuss various designs for irradiation sources. 
 • Reliability: Paper is published in the Proceedings of the 14th IEEE Symposium on Computer-
Based Medical Systems (CBMS), 2001  
 
Radio Frequency Co. “Macrowave” RF Pasteurization White Paper 
[5] J. N. Putnam, “Macrowave RF Pasturization,” Radio Frequency Co. Incorporated, Boston, MA, USA 
[Online]. Available: https://radiofrequency.com/wp-content/uploads/2018/12/RFC-Wave-of-the-Future-
20170410.pdf  
 • Value:  Overviews the benefits of RF heating on brand integrity and food safety. 
 • Reliability: The paper is used as marketing material for industrial equipment sold by the Radio 
Frequency Co. of Boston, MA. 
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Inactivation of Salmonella enterica and Enterococcus faecium NRRL B-2354 in cumin seeds by 
radiofrequency heating 
[6] L. Chen, X. Wei, S. Irmak, B. D. Chaves, and J. Subbiah, “Inactivation of Salmonella enterica and 
Enterococcus faecium NRRL B-2354 in cumin seeds by radiofrequency heating,” Food Control, vol. 103, 
pp. 59–69, 2019. 
 • Value: This article evaluates the suitability of RF heating as a sanitization method for Cumin 
seeds, effectiveness with respect to established methodologies, and identifies relevant process 
control parameters for the application of RF heating techniques. 
 • Reliability: The article was published in well-respected journal “Food Control” and has been 
cited multiple times. 
 
Electromagnetic Fields and Waves, 2nd Edition 
[7] M. F. Iskander, Electromagnetic Fields and Waves, 2nd ed. Long Grove, Il: Waveland Press, 2013. 
 • Value: This book provides the fundamental information required to understand, compute, and 
construct electronic hardware for use in electromagnetics. It will be an essential source of 
information throughout the life of the project. 
 • Reliability: The textbook is well respected among academic institutions, in addition to being the 
textbook of choice for Cal Poly’s electromagnetics classes. 
 
Microbial validation of radio frequency pasteurization of wheat flour by inoculated pack studies 
[8] S. Liu, S. Ozturk, J. Xu, F. Kong, P. Gray, M.-J. Zhu, S. S. Sablani, and J. Tang, “Microbial validation of 
radio frequency pasteurization of wheat flour by inoculated pack studies,” Journal of Food Engineering, 
vol. 217, pp. 68–74, 2018. 
 • Value: The article describes the processes used for validating microbial surrogates in testing 
low-moisture food radio frequency pasteurization, including details on chamber construction, 
sample selection, and process control. 
 • Reliability: Article is published in the Journal of Food Engineering, from which it has been 
cited over twenty times. 
 
Radiofrequency Pasteurization of Low-Moisture Foods: Critical Process Control Parameters 
[9] “Radiofrequency Pasteurization of Low-Moisture Foods: Critical Process Control Parameters,” Food 
Safety Magazine, 2019. [Online]. Available: https://www.foodsafetymagazine.com/magazine-
archive1/februarymarch-2019/radiofrequency-pasteurization-of-low-moisture-foods-critical-process-
control-parameters/. [Accessed: 20-Oct-2019]. 
 • Value: The advantages of industrial RF heating applications, when compared to other cleansing 
strategies, are presented, along with a discussion of critical operational concerns and a case study 
showcasing these facts. 
 • Reliability: In addition to being published in an industry publication, “Food Safety Magazine”, 
the article also uses an exhaustive list of citations, many of which are highly regarded scholarly 
papers. 
 
Radiofrequency processing for inactivation of Salmonella spp. and Enterococcus faecium NRRL B-2354 
in whole black peppercorn and ground black pepper 
[10] X. Wei, J. Subbiah, and J. E. Stratton, University of Nebraska - Lincoln, Lincoln, Nebraska, 2017. 
 • Value: Article discusses the use of RF heating in sanitizing black pepper corns and the 
effectiveness of E. Faecium as a surrogate for Salmonella Spp. in food processing environments. 
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 • Reliability: The article is the result of a student master’s thesis conducted at the University of 
Nebraska – Lincoln, where the university’s food safety program is well respected and has 
published numerous works within the same vein. 
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PROJECT GANNT CHART / TIMELINE 
*Assigned Tasks will change as project develops, below is as submitted for approval by the CPConnect Grant Program 
 
INITIAL PROJECT BUDGET 
*Budget will change as project develops, below is as submitted for approval by the CPConnect Grant Program 
 
Student Applicant(s): Joe Sandoval, Christopher Boyer, 
Lynn Ayoubi, Kylie Blair, and JoAnn Sagaral. 
 
CENG Faculty Advisor: Dr. Dean Arakaki  
Project Title: Characterization and Development of a Radio 
Frequency Pasteurization Device Applied to Low Moisture 
Foods 
Requested Funding 
Travel                                                                                     
subtotal 
$0 
Travel: In-state  $0 
Travel: Out-of-state  $0 
Travel: International  $0 
Operating Expenses                                                         
subtotal 
$ 4900 
Non-computer Supplies & 
Materials  
 $4900 
Computer Supplies & 
Materials 
 $0 
Software/Software Licenses  $0 
Printing/Duplication  $0 
Postage/Shipping  $100 
Registration  $0 
Membership Dues & 
Subscriptions 
 $0 
Multimedia Services  $0 
Advertising  $0 
Journal Publication Costs  $0 
Contractual Services                                                        
subtotal 
$0 
Contracted Services  $0 
Equipment Rental/Lease 
Agreements 
 $0 
Service/Maintenance 
Agreements 
 $0 
TOTAL $5000 
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INITIAL PROJECT BUDGET JUSTIFICATION 
*Budget will change as project develops, below is as submitted for approval by the CPConnect Grant Program 
 
Vendor and Catalog # Description Price Purpose / Justification 
Microbiology Team    
Fisher Sci R452672 Peptone water $350.00 Diluent used in quantifying bacteria 
Fisher Sci DF0788-17-9 Growth media $400.00 Maintain, grow and quantify bacteria 
Fisher Sci  Nitrile gloves, tips, loops, tubes $500.00 Handling bacteria and waste 
BioMerieux 30707 TEMPO reagent $250.00 Enumerate bacteria 
Local Grocers Food samples $200.00 LM food samples to inoculate 
Hanna instrument 
HI83730-01, HI83730-20 
Photometer and reagent set $800.00 Measure food quality 
 TOTAL: $2500   
Electrical Engineering 
Team 
   
TekBox TBLPA1 50MHz - 1GHz, 30dBm (1W) 
max output 
$900.00 Amplify RF signal power for sample 
testing 
ENI 500LA 1.5 - 520MHz, 10dBm max 
input, 37dBm (5W) max output 
$500.00 Amplify RF signal power for sample 
testing 
Thorlabs CA2906 SMA Coaxial Cable, SMA M-
M, 6” 
$100.00 Connecting RF testing device 
components 
Basic Copper 20 Gauge 
Copper Sheet 
20 Gauge Copper Sheet (32 
Mil) 6” x 10’  
$130.00 Maintain faraday cage properties for 
device enclosure 
Midwest Circuit 
Technology LAM 059 1/0 
9x12x5 
9” x 12” x 0.59”, 1-sided 
copper laminate, 5 pack 
$70.00 Prototype device matching networks 
 TOTAL: $1700   
Food Science Team    
Thomas Sci AQ3140 COD Colorimeter $700.00 Measure organoleptic qualities. 
 TOTAL: $700.00  
 Overall Total: $4900.00  
 
  
Sandoval, Joe – Senior Project | 32 
 
Please provide the following information regarding your Senior Project and submit to your 
advisor along with your final report. Attach additional sheets, for your response to the questions 
below. 
Project Title: Characterization of Effective Electromagnetic Fields on the Safety and Quality of 
Low-Moisture Foods (EEFS) 
Student’s Name: Student’s Signature: Joe Sandoval 
Advisor’s Name: Advisor’s Initials: Date:  Dr. Dean Arakaki 
• 1. Summary of Functional Requirements  
Describe the overall capabilities or functions of your project or design. Describe what your 
project does. (Do not describe how you designed it). 
The aim of the EFFS project is to develop a device capable of using RF energy to heat-up 
low-moisture foods in a manner sufficient for kill pathogens while also not damaging the 
food itself. The resulting device should be operable from standard 120V power sources, 
not dangerous or complicated to operate, and effective at sanitizing food items. 
• 2. Primary Constraints  
Describe significant challenges or difficulties associated with your project or implementation. 
For example, what were limiting factors, or other issues that impacted your approach? 
Similar devices used in industry require extremely high voltages and current supplies to 
operate. This is due to the lack of easily excitable dipoles within the low-moisture foods 
being heated. Specialty RF amplifiers will be needed, which must be ascertained from 
careful analysis of the type, quantity, and geometry of the material to be heated. 
Industrial devices are also very large and difficult to operated without training, as they 
are intended for limited operation heating high quantities in a single run. 
 
What made your project difficult? What parameters or specifications limited your options or 
directed your approach? 
Significant difficulties were faced in designing the control surfaces of the Power 
MOSFET stage. Due to the high-frequency nature of the stage, direct control using a 
microcontroller was unadvisable. However, modeling of crystal oscillators in SPICE 
reliably was also extremely difficult. While time was ultimately a limiting and decisive 
factor, the satisfactory control was had by modeling the oscillations using a programmed 
ideal voltage supply.  
• 3. Economic   
• What economic impacts result?  
• Human Capital impacts: 
Sandoval, Joe – Senior Project | 33 
 
o Hiring of skilled workers for production overhead and corp. functions 
o Hiring of unskilled workers for production 
o Potential for small loss of employment, due to slight decrease in low-moisture 
food sales 
• Financial Capital 
o Slight Increase in economic activity in area immediately surrounding 
production facility 
 
• Manufactured / Real Capital 
o Construction of a production facility/ business office 
o Development of product into manufacturable good 
o transportation / storage facilities for manufactured good 
 
• Natural Capital 
o Need for Al, Steel, Cu, and other metals 
o Purchase and use of various plastics in result devices 
o Need for physical site of production facility 
o Largest Capital Cost by far, hopefully offset by responsible sourcing of 
materials 
 
• When and where do costs and benefits accrue throughout the project’s lifecycle? 
The Project will accrue benefits roughly in the middle of its lifecycle, when regular 
demand is able to offset the original research and production costs, yielding profit. 
 
• What inputs does the project require? How much does the project cost? Who pays? 
   Original estimated cost of component parts (as of the start of your project). 
The Project requires three inputs: a 120-VAC input for power, a low-moisture food 
subject to heat, and input from the user control panel to operate. All are provided by the 
consumer using the device.  
Funding the project was accomplished with EE Department Senior Project funds in 
addition to a $5000 grant from the CPConnect fund. Its estimated cost is $5,000, given 
the budget outlined on pages 8 and 9. 
  
   Actual final cost of component parts (at the end of your project) 
Due to the COVID-19 Crisis, the only costs encountered were a single parts purchase in 
February 2020. The total cost of that purchase was $83.87. 
 
   Attach a final bill of materials for all components. 
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See Appendix F. 
 
   Additional equipment costs (any equipment needed for development?)   
• How much does the project earn? Who profits? 
The Project team is not compensated for this endeavor. No profits from the project are 
foreseen or expected. If it were to hypothetically be sold in market, the product would be 
sold for a dollar amount 10% above the fixed costs and adjustable costs encountered in its 
development. The company developing the product and/or its investors would profit. 
 
• Timing 
   When do products emerge? How long do products exist? What maintenance or operation costs 
exist? 
Production time would be dependent on the manufacturability of the device components 
– especially the RF Amplifier or related components. Being solid-state, the products’ 
expected operational lifetime could be very long, a decade or more with proper care. The 
sole operational cost expected would be utility payments for electricity. Maintenance 
would include cleaning the RF Chamber, ensuring no rust has formed on the cabinet, and 
system controls are unimpeded by contaminants. 
 
   Original estimated development time (as of the start of your project), as Gantt or Pert chart 
See Gannt chart on page 7 of this document. 
   Actual development time (at the end of your project), as Gantt or Pert chart  
 
 
 
 
  
   What happens after the project ends? 
The Project is ongoing, as due to the COVID-19 crisis, the CPConnect grant funding research 
was extended. A later student team will endeavor to construct the device design specified in this 
report. 
• 4. If manufactured on a commercial basis:  
• Estimated number of devices sold per year:  20,000 
• Estimated manufacturing cost for each device: $1,700 
• Estimated purchase price for each device: $2,500 
• Estimated profit per year: $2,000,000 
• Estimated cost for user to operate device, per unit time (specify time interval) 
15 kW use in operation over two hours @ $0.1559/kWHr ≈ $3.12 to operate 
• 5. Environmental  
• Describe any environmental impacts associated with manufacturing or use, explain where they 
occur and quantify. 
Primary environmental impact lies in the use of metals and plastics during manufacture. 
These materials are critical to the construction of the RF Chamber, control unit, and other 
functional components.  Additionally, the generation of manufacturing waste and their 
disposal will also impact the environment. 
 
• Which natural resources and ecosystem services does the project use directly and indirectly? 
The project will require primarily elemental and mineral contributions, with electrical 
power potentially supplied from a non-renewable or renewable resource. 
 
• Which natural resources and ecosystem services does the project improve or harm? 
While not actively causing destructive harm, the project will contribute to elemental and 
mineral excavations in addition to waste management issues in the area surrounding the 
manufacturing site. Paper documentation and packaging will also be needed, which may 
contribute to forestation issues. 
 
• How does the project impact other species? 
Wildlife populations immediately surrounding the production facilities may be impacted 
the manufacturing site. Additionally, pathogenic organisms found in low-moisture foods 
(which the product is intended to destroy) will be killed. 
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• 6. Manufacturability  
   Describe any issues or challenges associated with manufacturing. 
The RF Chamber and related components will require calibration and precision 
manufacture. Highly skilled technicians may need to be employed to assemble these 
components. Testing of these items may prove hazardous and require specialized 
equipment or facilities for testing. 
 
• 7. Sustainability 
• Describe any issues or challenges associated with maintaining the completed device, or system. 
The RF Chamber must be kept clean and its controls kept clear of contaminants. Regular 
checks for defects or rust in the system cabinet should be conducted. 
 
• Describe how the project impacts the sustainable use of resources. 
The manufacture of the project will require many resources. This impact may be 
mitigated through the use of responsibly source materials. The long-term operation of the 
device will hopefully reduce the need to purchase new dry foodstuff, reducing the impact 
on resources there. 
 
• Describe any upgrades that would improve the design of the project. 
A larger exposure chamber would permit more efficient use of exposure time. 
 
• Describe any issues or challenges associated with upgrading the design. 
In increasing the capacity of the RF chamber, additional power must be supplied via the 
RF circuitry. This may increase the likelihood of the device being unsafe to use without 
additional protective measures. 
 
• 8. Ethical  
   Describe ethical implications relating to the design, manufacture, use, or misuse of the project. 
Analyze using one or more ethical frameworks in addition to the IEEE Code of Ethics. 
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Despite being intended to help reduce low-moisture food purchases by extending usable 
product lifespans, the environmental impact made via the production of the device will be 
difficult to compensate, even with continued use of the device.  
The value in food-safety contributions more than justify the expense, however. The 
product will ensure that foodstuff treated using the device is safe for consumption and 
free of disease causing pathogens. 
• 9. Health and Safety  
   Describe any health and safety concerns associated with design, manufacture or use of the 
project. 
In order to effectively destroy pathogens, the device must be able to supply high power 
RF energy to the foodstuff being treated. Without correct handling, the RF Amplifier 
within the system cabinet may be hazardous to operators. 
• 10. Social and Political  
• Describe social and political issues associated with design, manufacture, and use. 
The project should permit rapid cleansing of low-moisture foods. In extremely humid 
regions where flour and similar products spoil quickly, this product has a great potential 
for extending food usability. 
 
• Who does the project impact? Who are the direct and indirect stakeholders? 
The manufacturer, consumers, and organizations that purchase the product would be 
direct stakeholders. Additionally, those that eat foodstuff treating using the device and 
those impacted by longevity benefits would be indirect stakeholders. 
 
• How does the project benefit or harm various stakeholders? 
Persons depending on regular purchases of expired low-moisture foods may be 
negatively impacted by the project’s operations. 
 
• To what extent do stakeholders benefit equally? Pay equally? Does the project create any 
inequities? Consider various stakeholders’ locations, communities, access to resources, economic 
power, knowledge, skills, and political power. 
All stakeholders benefit from the improved food safety guaranteed by the device. An 
inequity may exist between those positively and negatively impacted by increased food 
longevity. 
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• 11. Development  
   Describe any new tools or techniques, used for either development or analysis that you learned 
independently during the course of your project. 
The use of and design of parallel plate capacitors in high power RF exposure chambers. 
 
Include a literature search 
See page 25.
Appendix B – Unannotated DC-DC Flyback Converter Circuit Schematic 
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Appendex C – Parts Listing for DC-DC Flyback Converter 
Component Type Description and Specifications Quantity Part No Source Ordered Arrived 
IC Adjustable Voltage Regulator 1 LT3007 Digikey 2 x 
IC High Voltage Capacitor Charge Controller  1 LT3751 Digikey 2 x 
Capacitor 10 uF, 50V 1 GRM21BR61H106ME43L Digikey 2 x 
Transistor 2N3904 1 2N3904BU Digikey 2 x 
Resistor 100K, 1/4 W 3 ERJ-PB6B1003V Digikey 4 x 
Resistor 75K, 1/4 W 1 SG73S2ATTD7502F Digikey 2 x 
Resistor 10K, 1/4W 2 RNCP0805FTD10K0 Digikey 2 x 
Resistor 191K, 1/4 W 2 RK73H2ATTD1913F Digikey 10 x 
Resistor 475K, 1/4 W 2 RK73H2ATTD4753F Digikey 10 x 
Resistor 15K, 1/4 W 1 RNCP0805FTD15K0 Digikey 2 x 
Resistor 40.2K, 1/4 W 1 RK73H2ATTD4022F Digikey 2 x 
Resistor 1.4K, 1/4 W 1 RK73H2ATTD1401F Digikey 2 x 
Transistor Flyback Power MOSFET IRFP4668 1 IRFP4668PBF Digikey 1 x 
Transformer Flyback Power Transformer WE-FB-3751 1 750032051 Digikey 1 x 
Diode General Purpose Diode MUR460 1 MUR460RLG Digikey 2 x 
Resistor 10K, 5W Discharge  1 WHE25KFET Digikey 2 x 
Pin Header 3-Pin Header 1 640456-3 Digikey 2 x 
Pin Header 2-Pin Terminal Header 2 8PCV-02-006 Digikey 4 x 
Capacitor 120 uF, 400V 1 EKXG401ELL121MMP1S Digikey 2  
Switch Physical Switch 1 100SP1T1B4M2QE Digikey   
Resistor 5m , 1/2 W 2 PMR10EZPFU5L00 Digikey   
Relay DPST Relay 1 G2RL-1-HA DC5 Digikey   
LED Green LED 2 LTST-C171GKT Digikey   
LED Red LED 1 LH R974-LP-1 Digikey   
Resistor 1.5K, 1/4W 3 RNCP0805FTD1K50 Digikey   
Capacitor 2.2 uF, 25V 1 GRM21BR71E225KE11L Digikey   
Heat Sink Heatsink for IRFP4668PBF 1 E2A-T247-38E Digikey   
Resistor 18.2K, 1/4W 1 RNCP0805FTD18K2 Digikey   
Resistor 0 ohm, 1/2W 2 CRCW08050000Z0EAHP Digikey   
Appendix D – LT3751 Internal Functional Block Diagram 
 
Source: Analog Devices, "LT3751 - High Voltage Capacitor Charger Controller with Regulation," Analog 
Devices, Norwood, MA. 
  
Appendix E – Parts Listing for Power MOSFET Inverter  
Component Type Description and Specifications Quantity Part No Source 
IC Adjustable Voltage Regulator 1 LT3007 Digikey 
IC 5V, 1A Voltage Regulator 1 LM7805CT Digikey 
Capacitor 220 nF, 50V 1 CC0805KKX7R9BB224 Digikey 
Capacitor 100nF, 50V 1 CC0805KRX7R9BB104 Digikey 
Capacitor 10 uF, 50V 1 EEE-FK1H100UR Digikey 
Resistor 75K, 1/4W 1 SG73S2ATTD7502F Digikey 
Resistor 10K, 1/4W 1 RNCP0805FTD10K0 Digikey 
Crystal Oscillator 13.56 MHz Crystal 1 ECS-135.6-12-33Q-JES-TR Digikey 
Capacitor 12 pF, 50V 2 CC0805JRNPO9BN120 Digikey 
IC Dual Inverter Gate 3 SN74LVC2GU04DBVR Digikey 
IC MOSFET Gate Driver 2 LTC1693 Digikey 
Transistor HV/HC Power MOSFET STU2N80K5 4 STU2N80K5 Digikey 
IC D Flip-Flop 1 SN74HCS72 Digikey 
Relay SPST 5V, 1A Relay 4 G6L-1F-TR-DC5 Digikey 
Diode General Purpose Diode MUR460 8 MUR460RLG Digikey 
Transistor 2N3904 2 2N3904BU Digikey 
Resistor 1.5K, 1/4W 2 RNCP0805FTD1K50 Digikey 
LED Red LED 2 LH R974-LP-1 Digikey 
Resistor 10K, 5W Discharge  1 WHE25KFET Digikey 
Relay DPST Relay 1 G2RL-1-HA DC5 Digikey 
Pin Header 3-Pin Header 2 640456-3 Digikey 
Pin Header 2-Pin Terminal Header 2 8PCV-02-006 Digikey 
Heat Sink Heat Sink for STU2N80K5 4 OS518-100-B Newark 
Appendix F – Digikey Parts Invoice: February 2020 
 
Due to the COVD-19 crisis, only a select number of components were purchased as represented by this 
transaction. See the invoice below. 
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